INTRODUCTION
Neurons extend axons precisely to their targets during embryonic development, contributing to the assembly of functional neural circuitry (Landmesser, 2001; Wilkinson, 2001; Merz and Culotti, 2000; Nakamura et al., 2000; Krull and Koblar, 2000) . The trajectories selected by growing axons are controlled by an array of attractive and repulsive guidance factors, distributed in the local milieu (TessierLavigne and Goodman, 1996) . These guidance factors form substrates for axon pathfinding, beckon growing axons from a distance, or deflect axon entry into inappropriate territories. The responsiveness of axons to these guidance cues involves a precise coordination of the expression and activation of guidance cues and their receptors by neurons and neighboring cells.
In vertebrates, spinal motor neurons in the ventral neural tube extend their axons along specific trajectories to innervate target muscles in the limb (Landmesser, 1978a; LanceJones and Landmesser, 1981; Tosney and Landmesser, 1985a) . Motor neurons that innervate limb muscles inhabit the lateral motor column (LMC) and form in the neural tube only at limb levels (Landmesser, 1978b; Ensini et al., 1998) . Initially, motor neurons in the LMC extend their axons ventrally to form spinal nerves, where they intermingle and tightly fasciculate. At the base of the limb, motor axons stall prior to limb entry and sort into two distinct nerve branches: a dorsal nerve trunk composed of axons that will innervate dorsal musculature and a ventral nerve trunk containing axons that will innervate ventral muscles. A direct relationship exists between the location of motor neuron cell bodies in the spinal cord and their preferences to project in either the dorsal or ventral nerve trunk. Motor neurons in the medial LMC [LMC(m)] extend axons in the ventral nerve trunk to innervate ventral muscles, whereas neurons in the lateral LMC [LMC(l)] project via the dorsal nerve trunk to dorsal muscles (Landmesser, 1978; Tosney and Landmesser, 1985b) .
What controls the ability of motor axons to extend in either a dorsal or ventral trajectory into the limb? We are interested in identifying the molecular mechanisms that control this pathway decision. Previous studies have shown that axon-axon interactions that occur during sorting are involved in the selection of correct trajectories in the limb (Tang et al., 1992 (Tang et al., , 1994 Milner et al., 1998) . In the limb plexus, motor axons begin to segregate into motor neuron pool-specific groups. Here, motor axons defasciculate, changing their nearest neighbor relationships, and form new axon fascicles. In this scenario, axons can now respond to guidance cues located in the plexus region and extend along the surfaces of other axons, selectively recognizing discrete membrane components, to navigate precisely to their targets. The roles of the cell adhesion molecules NCAM and its associated carbohydrate polysialic acid (PSA), and L1 are best-characterized in sorting and selective Electroporation at stage 15 tends to transfect neurons that localize predominantly, but not exclusively, in the islet-1 positive LMC(m), whereas electroporation at stage 17 results in transfection of both the medial and lateral division of the LMC. LMC, lateral motor column; n, notochord; som, somite; nt, neural tube.
fasciculation that occurs at the base of the limb (Tang et al., 1992 (Tang et al., , 1994 . NCAM and L1 facilitate axon fasciculation, whereas reductions in either enhance defasciculation. Moreover, removal of PSA promotes motor neuron projection errors by increasing axon fasciculation (Tang et al., 1994) . Other studies have implicated signals from the limb mesoderm in the selection of an appropriate dorsal or ventral trajectory into the limb (Summerbell and Stirling, 1981; Ferguson, 1983; Whitelaw and Hollyday, 1983; LanceJones and Landmesser, 1980, 1981; Kania et al., 2000) .
Particular members of the LIM family mark motor neuron subtypes and influence axon pathfinding in vertebrates (Eisen, 1999) . In the chick, the subdivision of the LMC into lateral and medial portions is defined by the expression of LIM transcription factors. Early, all neurons that will form the LMC express Islet1; however, its expression is maintained in LMC(m) motor neurons and eliminated in LMC(l) neurons, after they become postmitotic (Tsuchida et al., 1994) . At this time, LMC(l) neurons express Lim1. Transplanting neural tube cells to new anterior-posterior positions alters LIM expression and motor neuron identity, suggesting that these factors control motor neuron fate specification (Appel et al., 1995; Matise and Lance-Jones, 1996) . Consistent with these results, mice lacking Islet1 don't generate motor neurons (Pfaff et al., 1996) . Moreover, double knockouts in mice for Lhx3 and Lhx4 show that these LIM genes are required for differentiation of a subset of motor neurons (Sharma et al., 1998) . Although these LIM transcription factors appear to function in motor neuron specification, their potential roles in later events of axon pathfinding have been difficult to explore due to early phenotypes or lethality of most LIM family mutants. However, recent studies have shown that lack of Lim1 function randomizes axon projections from LMC(l) neurons into the dorsal and ventral limb (Kania et al., 2000) . Moreover, genetic studies in Drosophila and Caenorhabditis elegans have shown that LIM proteins influence motor axon pathfinding, independent of neural fate specification (Lundgren et al., 1995; Thor and Thomas, 1997; Hobert et al., 1998; Thor et al., 1999) . Although these studies indicate roles for certain transcription factors in axon patterning, the identity and function of downstream effectors that guide motor axons to their muscle targets in the embryo are poorly understood.
Members of the Eph family are excellent candidate guidance factors for motor axon pathfinding as they are known to mediate the formation of topographic projections in the retinotectal/collicular system and promote cell migration (for review, see Holder and Klein, 1999; Wilkinson, 2001) . The Eph family, comprising receptor tyrosine kinases and their ligands, the ephrins, is divided into two subclasses, A and B, based on ligand binding affinities (Gale et al., 1996) . EphA receptors prefer to bind ephrin-A ligands which are tethered to the membrane by a glycosyl phosphatidylinositol (GPI) linkage, whereas EphB receptors bind ephrin-B ligands which are transmembrane proteins, indicating their involvement in cell contact-mediated communication (Davis et al., 1994) . Moreover, Eph family members are expressed by motor neurons, their axon pathways, and muscle targets (Ohta et al., 1996; Eberhart et al., 2000; Helmbacher et al., 2000; Feng et al., 2000; Swartz et al., 2001b) . In particular, the EphA4 receptor tyrosine kinase (RTK) localizes to motor neurons in the LMC(l) at the level of the crural plexus in the lumbosacral neural tube in avians (Eberhart et al., 2000) . At stage 21, EphA4 protein marks all motor axons that project to the base of the avian hindlimb, but at stage 23, becomes segregated to the dorsal nerve trunk in the crural plexus (Eberhart et al., 2000) . EphA4 knockout mice lack innervation of peroneal muscles in the dorsal hindlimb, suggesting that EphA4 is required for the proper targeting by some dorsally projecting axons at the level of the sciatic plexus (Helmbacher et al., 2000) . However, EphA4 is expressed in other tissues, including the dorsoproximal limb mesoderm and muscle precursor cells, suggesting that defects in axon projections may not be strictly cell autonomous.
Using a targeted gain-of-function approach, we sought to determine at which step in motor axon pathfinding to the hindlimb EphA4 functions. We show that EphA4, when ectopically expressed primarily in LMC(m) neurons, misroutes a majority of axon projections into the dorsal hindlimb. These projection errors are not due to defects in motor neuron specification, settling patterns, or spinal nerve fasciculation. However, axons ectopically expressing EphA4 do exhibit impaired sorting at the base of the limb during the formation of the crural plexus. These data suggest that EphA4 functions in dorsoventral axon pathway selection in the hindlimb. Furthermore, our data suggest a testable model by which EphA4 mediates axon trajectories via either axon-axon interactions or axon-limb mesoderm interactions.
MATERIALS AND METHODS

Embryos
Fertilized White Leghorn chicken eggs (Hy-Line International, Spencer, IA) were incubated at 38°C in a humidified incubator until stages 15-28 of development (Hamburger and Hamilton, 1951) .
EphA4 Expression Construct
A construct to express full-length EphA4 was built by using a modified IRES-EGFP-containing plasmid, pMES (Swartz et al., 2001a,b; Osumi and Inoue, 2001 ). The full-length EphA4 cDNA was originally cloned into pcDNA3 (Soans et al., 1994) and then moved into the EcoRI site of pMES, and its DNA sequence was confirmed. EphA4 protein expression was verified in chicken embryonic fibroblast (CEF) cells transfected with the EphA4/EGFP construct and in embryos that were electroporated with the EphA4 construct, using rabbit anti-EphA4 antibodies, as previously described (Eberhart et al., 2000) . The signaling competence of the expressed EphA4 protein in the presence of clustered ephrin-A5-Fc (5 g/ml) was analyzed by immunostaining transfected CEF cells with rabbit anti-phosphorylated EphA RTK antibodies, kindly provided by Steve Shamah (Shamah et al., 2001) . Two types of control experiments were performed: (1) CEF cells were transfected with pMES-EphA4/EGFP and stimulated with clustered Fc, and (2) CEF cells were transfected with a control construct to express EGFP (empty pMES) and stimulated with clustered ephrin-A5-Fc (5 g/ml). All control cells were then stained with the antiphosphorylated EphA antibody.
Targeted in Ovo Electroporation
For electroporations with empty pMES to express EGFP (controls) or pMES-EphA4/EGFP, chicken embryos were incubated until stage 15 or 17, windowed, and bathed in a small amount of sterile Ringer's solution. Plasmid DNA (3-5 g/l) was injected into the lumen of the neural tube by using a pulled micropipette (Swartz et al., 2001a) . The cathode was placed dorsal and slightly left to the midline of the embryo, and the anode was placed ventral to the embryo and slightly right of midline, to transfect a ventral quadrant of cells. Five 10-to 15-V pulses, of 50 ms duration each, were applied, after which the embryos were sealed with tape and reincubated.
Retrograde Labeling of Nerve Tracts
Embryos electroporated with the pMES-EphA4/EGFP construct or with the empty pMES construct were grown to stages 28/29 and collected in Ringer's solution. After removal of extraembryonic membranes, embryos were eviscerated and laminectomized. Lysine fixable, 3000 MW tetramethylrhodamine dextran or Alexa 568 10000 MW dextran (6.25%; Molecular Probes) was dissolved in PBS containing 0.4% Triton X-100 (Reiner et al., 2000) . The dextran solution was then microinjected into the dorsal or ventral nerve trunk in the hindlimbs. Embryos were incubated in aerated Tyrode's solution for 18 h at room temperature to allow for retrograde transport of the dye to motor neuron cell bodies, fixed in 4% paraformaldehyde for 2-4 h at 4°C, and washed in PBS overnight. Embryos were vibratome-sectioned in preparation for immunocytochemistry.
Immunocytochemistry
Immunostaining with anti-EphA4 and neurofilament antibodies was performed, as previously described (Eberhart et al., 2000; Swartz et al., 2001b; Lee et al., 1987) . Lhx3 (Lim-3), Islet-1/2 (39.4D5), and Lim-1/2 antibodies (Tsuchida et al., 1994 ; obtained from the Developmental Studies Hybridoma Bank, under the auspices of the NICHD, and maintained by the University of Iowa, Department of Biological Sciences, IA City, IA) were diluted 1:10 (Lim1/2 antibody) or 1:100 in 1% goat serum/0.1% Triton X-100 in PBS and applied to vibratome sections, then incubated overnight at 4°C. Appropriate Alexa Fluor 568 (Molecular Probes) and Cy5 (Jackson ImmunoResearch) secondary antibodies (4 g/ml) were applied to detect primary antibody binding.
Confocal Imaging
Optical sections at 2-m intervals were collected from transverse vibratome sections by using a BioRad Radiance 2000 laser scanning confocal microscope (Molecular Cytology Core, University of Missouri-Columbia). Z series stacks of 6 -30 m were compiled from labeled, sectioned material by using Metamorph software. For some embryos, optical sections were converted into orthogonal views to view spinal nerve organization and axon sorting. Images were processed and compiled into figures by using Adobe Photoshop 6.0.
RESULTS
During normal development, EphA4 protein is initially expressed by all motor axons that project to the base of the avian hindlimb at stage 21 (Eberhart et al., 2000) . Gradually, during stage 23 and at the level of the crural plexus, EphA4 becomes segregated to dorsally projecting axons during sorting. At stage 28, EphA4 protein circumscribes motor neuron cell bodies in LMC(l) and their axons that have extended into the hindlimb via the dorsal nerve trunk ( Fig.  1A ; Eberhart et al., 2000) . The analysis of EphA4 function in motor axon pathfinding was confined strictly to the crural plexus because EphA4 is differentially expressed in neurons in the LMC and their axon projections only at this level in avian embryos (Eberhart et al., 2000) .
Ectopic EphA4 Expression Drives LMC(m) Projections into the Dorsal Nerve Trunk
A construct to express full-length EphA4 was built by using a modified IRES-EGFP-containing plasmid, pMES (Swartz et al., 2001b; Osumi and Inoue, 2001) . To verify that expressed full-length EphA4 was signaling-competent, chick embryo fibroblasts (CEF) were transfected with the EphA4/EGFP construct, stimulated with clustered ephrin-A5-Fc, and the phosphorylation state of EphA4 was examined (Shamah et al., 2001) .
Targeted in ovo electroporation was utilized to ectopically express gene products in motor neurons located in the LMC (Swartz et al., 2001a) . Transfection of a ventral quadrant of the neural tube was achieved by placing the anode ventral and the cathode dorsal to the embryo (Fig. 1B) . Different subpopulations of motor neurons were transfected, most likely depending on their developmental stage when electroporated. Electroporation of control plasmid at stage 15 limits transfection predominantly to cells of the LMC(m), while electroporation at stage 17 transfects neurons throughout the LMC (Figs. 1C and 1D ). Therefore, in experimental embryos, EphA4/EGFP plasmid DNA was microinjected into the neural tube lumen of stage 15 embryos, electrodes were positioned, and current pulses were applied. Embryos were sealed and reincubated until stages 23-28 of development, when they were processed for immunocytochemistry or retrograde labeling. Immunostaining of transfected embryos with EphA4 antibodies verified that all EGFP-positive cells expressed EphA4 protein (data not shown). While the electroporation of EphA4/ EGFP typically resulted in fewer transfected motor neurons, presumably due to the plasmid's larger size compared with the control construct, expression was predominantly localized to the LMC(m).
Axon projections at the level of the crural plexus were analyzed in stage 27/28 embryos, following transfection primarily into LMC(m) neurons at stage 15. EGFP expression was used to monitor the trajectory of LMC motor axons to the developing hindlimb. In control embryos, EGFP-positive axons projected predominantly via the ventral nerve trunk into the limb, as expected ( Figs. 2A and 2B ; 10/10 embryos). In contrast, motor axons that express EphA4/EGFP overwhelmingly projected into the limb via the dorsal nerve trunk (Figs. 2C and 2D ; 36/36 embryos). These results suggest that LMC(m) neurons have extended their axons abnormally into the dorsal nerve trunk in the presence of ectopic EphA4. On the other hand, alterations in the settling patterns or the identity of motor neurons in the LMC in the presence of ectopic EphA4 could account for these apparent misprojections.
Retrograde labeling was performed to examine the position of motor neuron cell bodies in embryos transfected with EphA4/EGFP and in control embryos. The dorsal nerve trunk in ectopic EphA4 and control embryos was injected with dextran amines (DA) to retrogradely label motor neuron cell bodies (Fig. 3A) . In control embryos, DA-positive motor neurons were located, as expected, in the LMC(l) ( Fig. 3B ; 2/2 embryos). However, motor neurons in the islet-1-positive LMC(m) were distinctly labeled in embryos that contained ectopic EphA4/EGFP-positive axons in the dorsal nerve trunk (8/8 embryos; Figs. 3C and  3D ). The numbers of isl-1, EphA4/EGFP, and DA-positive motor neurons in ectopic EphA4 embryos (n ϭ 8) were quantified: 71% of the isl-1 and EGFP-positive cells were also DA-positive. Thus, the axon projections of a majority of LMC(m) neurons into the dorsal nerve trunk are misrouted in the presence of ectopic EphA4, as they normally extend their axons ventrally.
To determine whether some LMC(m) neurons continued to project in the ventral nerve trunk in the presence of ectopic EphA4, DA retrograde labeling was used to mark motor neuron cell bodies with axons in the ventral nerve trunk (3/3 embryos). A few motor neurons in the LMC(m) of backfilled embryos were observed that were EGFP-and DA-positive, indicating that they had grown into the limb along their normal ventral trajectory in the presence of EphA4 (data not shown). The numbers of motor neuron cell bodies expressing isl-1, EphA4/EGFP, and DA were quantified: 22% of the cells expressing isl-1 and EGFP were also DA-positive. Thus, ectopic EphA4 expression does not alter the trajectory of all motor neurons in the LMC(m).
Neurons in the position of the medial motor column (MMC) that were back-labeled with DA from either the dorsal or ventral nerve trunk were never observed, indicating that MMC neurons do not misproject ventrally in the presence of ectopic EphA4 (data not shown). We suspected that ectopic EphA4 motor axons might bifurcate at the base of the limb, generating a branch in both the dorsal and ventral nerve trunks. However, labeling via DA in both the dorsal and ventral nerve trunks was never observed, arguing against the possibility of motor axon bifurcation (data not shown). Furthermore, retrograde labeling revealed that LMC(l) neurons project normally along the dorsal nerve trunk and are absent in the ventral nerve trunk in the presence of ectopic EphA4 (data not shown).
Motor Neuron Identity and Settling Patterns in the LMC Are Unchanged in the Presence of Ectopic EphA4
Next, whether the ectopic expression of EphA4 altered motor neuron identity or the migration and settling patterns of LMC neurons was examined. To assay neuronal identity, patterns of gene expression at stages 28/29 in embryos with ectopic EphA4 expression localized primarily to the LMC(m) were analyzed. Three gene products expressed by ventral motor neurons, lim1/2, islet-1, and Lhx3 (lim3) (Tsuchida et al., 1994) , were present in a normal pattern in embryos ectopically expressing EphA4 in LMC neurons (Fig. 4) . Isl-1 expression, a marker for LMC(m) and MMC neurons, is apparent in motor neurons that ectopically express EphA4 in the LMC(m) (Figs. 4A-4C ; n ϭ 13 embryos). Ectopic EphA4 neurons in the LMC(m) are negative for Lim1, a marker for LMC(l) neurons (Figs. 4D-4F ; n ϭ 10 embryos), and for Lhx3, a marker for the medial motor column (MMC) (Figs. 4G-4I ; n ϭ 23 embryos). Thus, ectopic EphA4 expression does not appear to disrupt the specification of LMC(m) neurons. Furthermore, analyses of ectopic EphA4 embryos revealed that the downregulation of Islet-1 in LMC(l) neurons proceeds normally, and subsequently, that Islet-1-positive neurons are found in their normal position in the LMC(m). Together, these data suggest that the migration and settling patterns of LMC neurons are unaltered by ectopic EphA4 expression. In addition, the expression of engrailed, a marker for ventral interneurons, was examined: no change in the distribution of engrailed-expressing cells in ectopic EphA4 embryos was observed, compared with controls (data not shown). Thus, alterations in the dorsoventral organization of motor axon projections are not coincident with changes in motor neuron/interneuron identity or motor neuron settling patterns in the spinal cord.
Aberrant Pathfinding by Motor Axons Ectopically Expressing EphA4 Occurs during Sorting in the Crural Plexus
In ectopic EphA4 embryos, the outgrowth of EGFPpositive and other motor axons toward the limb occurred in a normal pattern and on a normal timetable (data not shown). No evidence of grossly altered axon fasciculation was apparent in the presence of ectopic EphA4, compared with control embryos. Since ectopic expression of EphA4 does not alter motor neuron identity but drives many motor axon projections aberrantly into the dorsal nerve trunk, we sought to identify where errors were made by motor axons. Thus, the organization of spinal nerves and axon sorting was examined in ectopic EphA4 (n ϭ 24) and control embryos (n ϭ 9). During normal development, all motor axons that form the spinal nerve appear to express EphA4 as they reach the base of the limb at stage 21 (Eberhart et al., 2000) . At stage 23, when motor axons sort into a dorsal or ventral nerve trunk at the crural plexus of the hindlimb, EphA4 appears to become downregulated on ventrally projecting axons and prominent on dorsal projections (Eberhart et al., 2000) . Therefore, this analysis commenced at stage 23, when axon sorting is initiated.
To determine the organization of spinal nerves, orthogonal optical sections through spinal nerves were examined from early and late stage 23 experimental and control embryos, where primarily LMC(m) neurons were transfected (Fig. 5) . At early stage 23, motor axons that are EGFP-(control) or EphA4/EGFP-positive appear intermixed in the spinal nerves (Fig. 5A) . At late stage 23 in control embryos, EGFP-positive motor axons are found in more ventral positions of the spinal nerve and in the crural plexus, whereas EphA4/EGFP-positive axons are positioned in more dorsal locations, indicating that axon sorting into forming dorsal and ventral nerves is in progress (Fig. 5B,  control) . In contrast, when EphA4 is ectopically expressed primarily in LMC(m) neurons, EphA4-and EGFP-positive axons are found in the forming dorsal nerve trunk and are absent ventrally ( Fig. 5B ; EphA4 EGFP). These data suggest that errors occur during axon sorting in the presence of ectopic EphA4.
To further evaluate axon sorting in the developing crural plexus, cross-sections through stage 23 ectopic EphA4 and control embryos were examined (Fig. 6) . In controls, EGFPpositive motor axons extended in the forming ventral nerve trunk, typical projections of LMC(m) motor neurons (Figs.  6A-6C ). In contrast, motor axons expressing ectopic EphA4/EGFP did not extend into the forming ventral nerve trunk but instead, projected dorsally (Figs. 6D-6F ). These data further support the notion that the misrouting of ectopic EphA4 axon projections into the dorsal nerve trunk observed at stage 28 occurs during sorting and pathway selection in the crural plexus.
DISCUSSION
Motor axons from the neural tube project precisely to their target muscles in the limb (Landmesser, 1978) . Previous studies have characterized key transcription factors required for motor neuron specification and many of the tissue interactions that influence axon navigation to the limb (Lance-Jones and Landmesser, 1981; Lance-Jones and Dias, 1991; Pfaff et al., 1996; Sharma et al., 1998) . However, the molecular guidance clues that control motor axon pathfinding are not well understood. In particular, little is known about guidance cues for specific populations of motor neurons (Hotary and Tosney, 1996; Sharma et al., 2000) .
The aim of the studies reported here was to assess the role of EphA4 in motor axon pathfinding by using a targeted, gain-of-function approach in avians. In ovo electroporation was utilized to express EphA4 ectopically in LMC neurons. Surprisingly, we found that the timing of our transfections produced targeted expression in the LMC: if electroporations were performed at stage 15, LMC(m) neurons were transfected primarily, but not exclusively; at stage 17, both lateral and medial neurons in the LMC were transfected. We assume that transfections targeted to the LMC(m) at stage 15 were achieved due to differences in the timing of motor neuron generation in the medial vs lateral spinal cord. Little is understood about the lineage relationships between motor neurons in the spinal cord (Leber et al., 1990) . In a few examples, motor neurons in the LMC are known to share a common precursor; however, the possibility exists that there are also separate precursors for motor neurons in distinct regions of the LMC.
The main results of the present study are as follows. First, most LMC(m) motor neurons that ectopically express EphA4/EGFP project their axons incorrectly into the dorsal limb, instead of their normal ventral trajectory. Second, these projection errors made by LMC(m) neurons are not due to defects in neuronal specification or neuron settling patterns in the ventral neural tube or in axon fasciculation in the spinal nerve. Third, defects in axon projections of LMC(m) neurons arise at the time of axon sorting, during the formation of the crural plexus. Taken together, these results suggest that EphA4 acts during axon sorting at the base of the limb, to drive LMC axon projections dorsally into the hindlimb.
EphA4 as a Regulator of Dorsoventral Pathway Selection by Motor Axons in the Limb
Most motor neurons in the LMC(m) that ectopically express EphA4 misproject into the dorsal hindlimb. These misrouted axon projections appear to be due to incorrect pathfinding decisions made by motor axons during sorting at the level of the crural plexus. How does EphA4 control the dorsoventral trajectory taken by motor axons at the base of the limb during normal development? Two possibilities emerge: (1) axon-axon interactions or (2) axon-limb mesoderm interactions mediated by EphA4 control axon pathway selection. Previous studies have shown that guidance cues in the plexus region and in the limb mesoderm control motor axon projections in the limb Landmesser, 1980, 1981) . Neighboring axons in the plexus may be the source of the guidance cues. Alternatively, EphA4-expressing axons may interact with ephrins in the proximal limb mesoderm to accomplish proper sorting, implicating axon-limb mesoderm interactions.
Differences in the levels of EphA4 on motor axons could control sorting at the crural plexus at stage 23 (Eberhart et al., 2000) . The normal expression of EphA4, together with results from the present studies, suggest that proper sorting could be accomplished by interactions between EphA4-positive and -negative axons. However, this scenario is complicated by the coexpression of ephrin-A2 on axons in both nerve trunks, arguing against a simple mechanism by which EphA4-positive axons defasciculate from and avoid ephrin-A2-positive axons to form two distinct nerve trunks.
The phosphorylation state of EphA4 may be critical, as well as the activation of intracellular signaling molecules downstream of EphA4. Furthermore, polysialic acid (PSA) has previously been implicated in modulating the sorting process, most likely by altering axon fasciculation (Tang et al., 1992 (Tang et al., , 1994 . Whether PSA and EphA4 interact together to control sorting decisions is unknown.
As an alternative, interactions between EphA4-positive motor axons and ephrins in the proximal limb mesoderm may govern proper sorting. Ephrin-A2 and -A5 are both expressed strongly in the ventral limb mesoderm, directly adjacent to the developing plexus (Eberhart et al., 2000) . If ephrins in the ventral limb mesoderm influenced axon sorting, one would expect that EphA4-positive axons, inhibited from entering the ventral limb mesoderm, project dorsally. EphA4-negative axons would not be repelled by ephrins in the ventral limb mesoderm and would, thus, invade this territory. In this study, ectopic expression of EphA4 misroutes most LMC(m) motor neurons into the dorsal limb and these faulty pathfinding decisions appear to be made during sorting. At present, we cannot discriminate whether axon-axon or axon-limb mesoderm interactions influence the proper dorsoventral sorting of motor axons.
If EphA4-positive motor axons are inhibited from entering the ventral limb that contains ephrin-A2 and -A5, what is the role of axonally expressed ephrin-A2? We propose that motor axons respond differentially to axonally expressed ephrins vs limb mesoderm-expressed ephrins. Clearly, EphA4-positive motor axons readily fasciculate with ephrin-A2-positive motor axons at the level of the spinal nerve (Eberhart et al., 2000) . Our previous analysis also showed that ephrin-A5 and -A2 mark sensory axons that fasciculate with motor axons as they course to the limb. Motor axon-localized ephrin-A2 may modulate the sensitivity of EphA4-positive motor axons to ephrin-A5, permitting motor and sensory axon bundling in the spinal nerve. In this manner, axonally expressed ephrin-A2 would act as a modulator of EphA4-positive axon responsiveness to ephrins, similar to it proposed function in the retinotectal system (Hornberger et al., 1999) . Furthermore, recent evidence indicates that ephrin-As also transduce signals, promoting cell adhesion and altering cytoskeletal assembly (Davy and Robbins, 2000) . In this mode, ephrin-A activation could guide growing motor axons in a positive manner, similar to its postulated role in the vomeronasal system (Knoll et al., 2001; Knoll and Drescher, 2002) . The integration of EphA4 and ephrin signals at the level of the spinal nerve may underlie axon bundling, suggesting a possible "attractive" function of these molecular interactions.
Some neurons in the LMC(m) that express EphA4 ectopically (ϳ22-29%) project axons along their normal ventral trajectory into the limb. If EphA4 promotes dorsal axon projections, why do these neurons continue to project ventrally? These neurons may express low levels of ectopic EphA4 protein, insufficient to drive their projections dorsally. However, labeling of ectopic EphA4/EGFP embryos with EphA4 antibody suggests not: even weakly EGFPpositive cells appear strongly EphA4-immunoreactive. Alternately, we favor the notion that there may be competition by LMC(m) neurons that ectopically express EphA4 with normal LMC(l) neurons, similar to that described for Lhx3-positive axons in the MMC (Sharma et al., 2000) . In this scenario, some ectopic EphA4 axons would be shuttled into the ventral nerve trunk in the limb because the forming dorsal nerve trunk is significantly occupied by motor axons that both endogenously and ectopically express EphA4.
Coordinated Control of Motor Axon Pathfinding
The expression of three members of the Lim family of transcription factors by motor neurons is normal in the LMCs of embryos in which EphA4 is ectopically expressed. Thus, pathfinding errors made by LMC(m) axons ectopically expressing EphA4 do not coincide with changes in (1), and in the proximal plexus (2) but lie in the forming dorsal nerve trunk and are absent ventrally (*;3). Bottom, in control embryos, motor axons expressing EGFP lie in the ventral spinal nerve at this stage (1), in the ventral portion of the proximal plexus (2), and in the forming ventral nerve trunk (*; 3). As expected, EphA4-positive axons (red) lie in dorsal portions of the spinal nerve and plexus. Blue, MMC. motor neuron identity. EphA4, therefore, is an excellent candidate for a cellular effector that acts downstream of factors controlling motor neuron specification. It is not yet known whether EphA4 expression in LMC motor neurons is controlled directly by Lim family transcription factors. Loss of Lim1 and targeted inactivation of Lmx1b in mice randomizes the selection of dorsal vs ventral axon trajectories by LMC neurons (Chen et al., 1998; Kania et al., 2000) , suggesting that these factors may cooperate with EphA4 and ephrins in the control of motor axon pathfinding.
One would predict that motor axons at the level of the crural plexus that lack functional EphA4 protein exhibit impaired sorting into dorsoventral pathways. In the absence of EphA4 function, either LMC neurons would display randomized dorsoventral projections or LMC(l) neurons would project aberrantly via ventral trajectories in the limb. There is no known Eph receptor that localizes to LMC(m) motor neurons or their ventrally projecting axons that might control ventral trajectories (J.E. and C.E.K., unpublished data; Ohta et al., 1996; Kilpatrick et al., 1996) .
Experiments are in progress to disrupt EphA4 signaling in specific motor neuron populations and examine axon pathway choices.
The results of our studies indicate that EphA4 expression in motor neurons controls whether their axons project dorsally in the hindlimb, suggesting that EphA4 acts as a binary modulator of dorsoventral pathway selection. These data provide some of the first evidence for a molecular cue that guides specific populations of motor neurons and their axons in the periphery. Future experiments will focus on the precise mechanisms by which EphA4-ephrin interactions mediate dorsoventral decision making.
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